Background. Low education has an impact on life expectancy and level of cognition, but little is known on its effect on life expectancy with cognitive impairment. Results. Life expectancy spent with cognitive impairment is fairly constant with increasing age at around 1.4 years in men and 2.5 years in women, though this refl ects a large increase in the proportion of life spent with cognitive impairment. The differences seen between education groups for the proportion of total life with cognitive impairment (men 13% and women 22% of life lived for low education vs men 7% and women 12% in high education group) disappear when education-adjusted cut points are used (10% in men and 17% in women at age 65 for all education groups).
H EALTHY life expectancy is used by policy makers and researchers to monitor the overall health of a population ( 1 ) . The techniques bring morbidity and mortality into a combined measure and provide a better indication of population health than total life expectancy (TLE) alone, particularly when the population has low mortality but high morbidity rates ( 2 ) . Cognitive impairment has been shown to have a marked impact on the survival of individuals ( 3 , 4 ) ; it also is associated with a marked defi ciency in an individuals quality of life and that of their carer ( 5 ) . Life expectancy is known to vary between men and women and by different demographic characteristics ( 6 -8 ) .
Life expectancy with cognitive impairment based on longitudinal data, that is, using mortality data on individuals has been rarely examined. Studies from the United Kingdom, the Netherlands, United States, and Canada, of which two were longitudinal, show that 5% -10% of TLE at age 65 years is spent with impairment and that this impairment burden is larger in women than men, but they do not investigate differences between education groups within the studies ( 9 -13 ) . Socioeconomic differences at an individual level are usually defi ned by education, occupation, income, and material circumstances, or some combination of these markers ( 14 ) . Income and wealth (including dynamic changes in these) have been linked to health in old age ( 15 -17 ) and Robert and House ( 18 ) have provided evidence of an increasing relative impact of income over education on some measures of health with increasing age. In the United Kingdom, occupation has been used as a marker of social status, and household tenure or car ownership have served as markers of material circumstances ( 19 , 20 ) . However, especially for older people, contemporaneous measures of social position can be misleading, failing to refl ect changing status from middle age or earlier ( 21 ) . Full-time education, as a marker, has the advantage of generally being completed early in adulthood and therefore less likely to suffer from reverse causation. It is also a good measure of long-term economic position, at least in the United States ( 17 ) .
Some studies analyzing cognitive impairment adjust for education with a standardized cut point ( 22 , 23 ) , others use education-adjusted levels for cognitive impairment measured using Mini-Mental State Examination (MMSE) ( 24 ) . Education is known to affect both the level of cognition and its measurement, though it is not clear whether the measure is better with or without adjustment ( 25 ) . In cognitive health, the measurement itself may be educationally biased and may not refl ect real cognitive differences, though this is contentious ( 26 ) .
The aim of this article is to investigate the potential impact of education on life expectancy and cognitively impaired life expectancy by the use of longitudinal data from the Medical Research Council Cognitive Function and Ageing study (MRC CFAS).
Methods

Data
MRC CFAS ( http://www.cfas.ac.uk ) is a populationbased longitudinal study in which 13,004 individuals were originally interviewed. Details of the study can be found elsewhere ( 27 ) , but briefl y, approximately 2,500 individuals were recruited from each of fi ve centers in England and Wales (Cambridgeshire, Gwynedd, Newcastle, Nottingham, and Oxford), using an age-stratifi ed design that oversampled the participants aged 75 and older from primary care registers where the entire population, including individuals in residential homes are enumerated. All individuals have been followed since fi rst sampled for mortality information at the Offi ce for National Statistics. The 13,004 individuals aged 65 and older at baseline interview have each contributed to a maximum of nine interviews, between 1991 and 2003, with more than 34,000 interviews in total. All individuals have been registered for death notifi cation, and to date (end December 2005) there have been 8,545 deaths (version 8.1 of the data). All interviews contained the MMSE ( 28 ) , and any individuals with an interview, but incomplete MMSE, have been excluded for that interview only ( Table 1 shows numbers missing). All individuals with at least one known state contributed to the analysis ( n = 12,880 [99%]).
Defi nitions of Variables
Participants were classifi ed into three groups based on the number of years of full-time education undertaken (0 -9 years [ n = 7,934], 10/11 years [ n = 2,700], and 12+ years [ n = 1927]), refl ecting basic/higher education as 9 years was the statutory time for this generation. Individuals who were missing education data were excluded ( n = 319). The MMSE ( 28 ) has proved popular as a measure of cognitive impairment in population studies as it is easy and brief to administer in a standardized manner. We used three cognitive impairment groups: moderate/severe ( ≤ 21 MMSE), mild ( 22 -25 MMSE), and no impairment ( 26 -30 MMSE) ( 29 , 30 ) . For analysis with covariates, just the two groups of moderate/severe impairment or mild/ none have been used. We also investigated the effect of using cut points for cognitive impairment defi ned by education groups. The cut points for moderate/severe impairment was defi ned within each of the three education groups by the position of the 10th percentile of the distribution from the baseline data. Cut points used were MMSE ≤ 20 for 9 or less years of education, MMSE ≤ 22 for 10 -11 years, and MMSE ≤ 23.5 for 12 or more years. These values, which have previously been found to be similar to other studies ( 31 ), were then used as the cut points throughout the longitudinal phase of analysis.
Statistical Methods
A multistate Markov model in discrete time is used in these analyses to model the transitions between health states where states refer to health, ill-health, and death. Cognitive impaired life expectancies were calculated with software developed specifi cally for this type of analysis, IMaCh (Interpolation of Markov chains) ( 32 ), using principles of discrete-time multistate modeling to calculate incidence rates from longitudinal studies, which then permits calculation of health expectancies and their standard errors and hence confi dence intervals (CIs). This technique partitions the time intervals between successive interviews into shorter steps and models the resulting transition probabilities between states by multinomial logistic regression on age. Estimated transition probabilities then act as inputs to a multistate life table. Version 0.98i of IMaCh has been used in this analysis. We used education as a covariate but analyzed men and women separately. The process was repeated for the fi xed and education-based impairment states.
Poor cognition is associated with dropout as well as death, so this will cause longitudinal estimates to underestimate cognitive impairment ( 33 , 34 ) . Sensitivity analyses were undertaken assuming a missing MMSE score from a successful interview indicated impairment and also multiple imputation of 10 data sets for all missing interviews (due to refusal or migration from the area) ( 35 ) . Ten imputation data sets have been suggested as a suitable number to enable the full variability to be described ( 35 , 36 ) . The imputation model was based on information from the previous interview, including length of interview, residence, amount of missing data in interview, cognition, and demographic factors.
Results
Of the 13,004 (5,157 men [m] and 7,847 women [w]) participants in the study 12,880 (99%) (5,126 m and 7,754 w) have been included in these analyses. A total of 124 (1%) were excluded because they had no MMSE measured. Complete interview waves were undertaken at baseline, year 2 and year 10, with the proportion with no cognitive impairment being consistent at just more than 60% ( Table 1 ) . Sampling for all other interviews was weighted toward the cognitively impaired, and this is refl ected in the proportions seen within the impairment states.
Overall Impairment Burden Fixed Cut Points
In both men and women, TLE decreases steadily with age: in men from 15.3 years (95% CI, 15.0 -15.7) at age 65 to 5.3 years (95% CI, 5.1 -5.5) at age 85 and in women from 19.5 years (95% CI, 19.2 -19.8) to 6.4 years (95% CI, 6.2 -6.5) ( Table 2 ). The life expectancy without cognitive impairment mirrors the decrease seen in the TLE with age; life expectancy with mild impairment decreases more rapidly with increasing age ( Figure 1 ). In men, at age 65 life expectancy with mild impairment is 2.6 years (17% of TLE; 95% CI, 2.4 -2.7 years) and moderate/severe cognitive impairment is 1.3 years (9%; 95% CI, 1.2 -1.4 years), which refl ects a total impaired burden of 3.9 years. In women, the life expectancies are 3.8 years (19%; 95% CI, 3.6 -4.0 years) for mild and 2.8 years (15%; 95% CI, 2.7 -3.0 years) for moderate/severe, giving 6.6 years combined. Severe cognitive impairment is much less common and therefore has lower life expectancies at just 0.7 years of life expectancy with severe cognitive impairment in men and 1.5 years in women at age 65. In both men and women, cognitively impaired life expectancy increases as a proportion of TLE ( Figure 2 ). Table 2 and Figure 3a show the cognitive impaired life expectancy and TLE for men and women by educational group. In women, there are differences in the TLEs by educational group with individuals who had 12 years or more of education having 1.6 years (95% CI, 0.8 -2.5) more TLE at age 65 than those with 9 years or less of full-time education. This effect appears to endure with age, where at age 85 there is 1.0 years (95% CI, 0.5 -1.5) more TLE for those with higher education than those with low education, and these differences relate to approximately 8% -14% increase in TLE for the higher education group across all ages. There is a large reduction in the number of years spent with impairment with increasing education, with 1.3 fewer years (95% CI, 0.9 -1.8) for the high education group compared with the lowest educated at age 65. Similar effects are found in men, though the absolute level of impairment is less and the trend between groups slightly weaker. Table 2 and Figure 3b show the cognitive impaired life expectancy by education-specifi c cut points. The overall life expectancy is the same as before, though there are much smaller differences between the education groups. The proportion of time spent with impairment is almost constant at 10% for men aged 65 years and 17% for women in each of the education groups. These differences contrast with the substantial changes seen without the adjustment for education.
Education Effects on Fixed Cut Point Cognitive Impairment
Education-Based Cut Points
Effect of Cut Point on Transitions (Data Not Shown)
For those without cognitive impairment, both educationbased and fi xed cut points, the higher education group has lower mortality and a higher proportion remain free of impairment than the lower education group. Comparison of the two analyses showed differences in the transitions from and to cognitive impairment. In the fi xed cut points analysis, higher educated individuals are less likely to become cognitively impaired, to " recover " from cognitive impairment, and to remain cognitively impaired, though they have a higher mortality when cognitive impaired. In contrast, for the education-based cut points, incidence of cognitive impairment is similar for all education groups, though recovery from cognitive impairment is greater in higher educated groups, whereas remaining cognitively impaired and mortality are lower in the higher educated groups.
Sensitivity Analyses
The sensitivity analyses indicated that the results were robust to the assumptions of the modeling process and missing data mechanism. Imputation showed little variation within the 10 imputed data sets for either TLE (at age 65: men all 15.3, women 19.3 -19.4) or for impaired life expectancy (at age 65: men 1.2 -1.3, women 3.0 -3.2) . No differences became apparent at older ages.
Discussion
The results presented here come from longitudinal analysis of a large U.K. population -based study using survival and transition times with known dates of death. The results show that there is a substantial burden of life expectancy with cognitive impairment for both mild and moderate/severe impairment in both men and women. These burdens are larger for groups with low education, though when educationadjusted cut points are used most of the effect is removed.
The TLE of 15.3 for men and 19.5 for women compares well with national estimates for England and Wales for 1991 (16.0 for men and 19.2 for women from www.ons.gov.uk ). Minor differences are seen in the estimates of TLE for different impairment groupings. The life expectancy with severe cognitive impairment of 0.7 years (4.4%) for men and 1.5 years (8.0%) for women found with the longitudinal methods are slightly higher than the 0.5 years (3.7%) for men and 1.2 years (6.8%) for women seen in a previous cross-sectional analysis ( 37 ) . However, with both methods the life expectancy with cognitive impairment was found to be almost constant with increasing age; this effect was seen not only in the overall amount of impaired life expectancy but also in each education group.
These results demonstrate that differences in TLE by educational groups are large in the elderly population. The effect suggests that measurement of cognitive impairment is educationally dependent, but that this is focused potentially on the misclassifi cation of the impaired state. Despite large differences in TLE, cognitive impairment free life expectancy remains a constant proportion of life expectancy for all education groups when the threshold for impairment is adjusted for education. Adjusting the cut points for education may underestimate the true problem of cognitive impairment. If there exists a cut point that indicates a level of impairment that makes independent living unlikely (a disabling state), that cut point may be reached more easily in those with low education. However, if the cut point does indicate a disabled state, then the cut point is correct. To adjust the cut point lower due to the preexisting educational defi cit does not necessarily make the new cut point better at estimating the disabling state of cognitive impairment. It is essential therefore to consider the reason for the analysis before deciding about whether to adjust for education.
The results shown here compare well with other studies, the impairment burden being longer in women than men ( 9 -12 ) . This study has the advantage of being able to investigate not only moderate/severe life expectancy but also the life expectancy with mild cognitive diffi culties. This analysis has shown that in addition to the 5% -15% of life spent at age 65 with moderate/severe cognitive impairment there is another 15% -20% of life with mild cognitive diffi culties ( Figure 2 ). Individuals spend the majority of their lives with mild-severe cognitive diffi culties by age 84 for men and 76 for women.
Critique of Methods
The results come from a large population-based study, including individuals living in institutions, with a long period of follow-up. The study consisted of fi ve centers in England and Wales and give reasonable representation of the diversity of the country ( 38 ) . The values obtained for the TLE compare well with the national data. The fact that there was a consistent 60% without impairment at each wave where all individuals were interviewed indicates the importance of accounting for attrition in standard longitudinal analysis as this proportion should decrease with age. Information on transitions between states for individuals who refused to take part and who moved out of the areas is unknown. This information is more likely to be missing for individuals with cognitive impairment and with less education ( 33 ,34) . The result of this bias would be to underestimate transitions into the impaired state where the death rate is higher ( 33 ) , so in combination, this will underestimate the life expectancy with impairment. Checking whether this infl uences our results using multiple imputation techniques to estimate these missing states reveals little bias in the impaired life expectancy estimates. TLE is not affected by the missing data as death enumeration is almost 100% complete, and hence, the survival status of all individuals is known independent of the impairment state measurement.
The use of education-adjusted cut points for cognitive impairment refl ects a different burden of cognitive change, though it does not always provide a better mechanism for screening than using a fi xed cut point ( 39 ). Here we have investigated both aspects and have shown that the burden of cognitive impairment is a similar proportion of total life when education has been taken into account. This indicates that each education group has the same population burden of cognitive impairment. Whether cognitive impairment should or should not be adjusted for education is contentious and no one answer is correct ( 26 ) . The measure of education as years of full-time education is not optimal as the level of formal qualifi cations (A levels, fi rst degrees, and masters degrees) is unknown. The number of years of education of 9 years was the statutory time for this generation so the majority of the cohort had this level of education.
Conclusions
The methods used in this article take a complete approach of not only investigating differences in life but also in healthy life. There are large differences in TLE between education groups, though impaired life expectancy does not change if the cut points are made educationally dependent. The duration of remaining life spent with cognitive impairment is a problem, therefore, for the whole population, not just for those with low education.
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